Abstract Postural re-education is an integral part of physiotherapy management in patients with back pain. Although the link between posture and back pain is largely unknown, postural re-education is performed on the premise of optimizing spinal alignment to minimize stresses on the passive structures of the spine, to facilitate optimal muscular support and thus to prevent possible damage and further pain. A reliable and clinically meaningful measurement of spinal postures to monitor such interventions remains challenging. This study evaluated within-day (intra-tester, inter-tester) and between-day (test-retest) reliability of a novel spinal wheel device measuring thoracic and lumbar postures during sitting and standing. 17 healthy volunteers (age 39.5 ± 5.4, BMI 25 ± 9.2; 9 males) were measured three times, by three testers, on two separate occasions (1 week apart). The angular change between C7 and T12 and between T12 and S1 provided thoracic and lumbar curvatures, respectively. Intra-class correlation coefficient (ICC) with 95% confidence intervals and typical error were calculated. Excellent reliability was demonstrated with intra-tester ICCs between 0.947 and 0.980 and typical error between 1.7°and 3.7°and intertester ICCs between 0.949 and 0.986 and typical error between 2.0°and 4.7°. Test-retest reliability was high with ICCs 0.719-0.908 and typical error between 4.0°and 7.4°. In conclusion, the spinal wheel demonstrated excellent within-day and high between-day reliability. The device may be used in conjunction with 2D camcorder to provide clinically useful visual evaluation of postures for assessment, intervention monitoring, and feedback during postural re-education.
Introduction
Postural re-education is an integral part of physiotherapy management in the treatment of patients with back pain. Although the link between posture and back pain is largely unknown, it has been speculated that end-of-range sitting and standing postures, that were shown to be associated with altered muscle activation patterns [1] [2] [3] [4] [5] , may result in excessive loading of the passive spinal structures, eventual trauma and injury and could potentially pose a risk to the development of back pain [4, 6] . Postural re-education is performed on the premise of optimizing spinal alignment to minimize stresses on the spinal structures and to improve trunk muscle efficiency in protecting the spine [7] [8] [9] [10] . Objective evaluation of postures has traditionally been an important element of clinical assessment and evaluation of the effectiveness of postural re-training. In addition, objective evaluation of postural patterns is used clinically to sub-classify patients into specific motor control impairment sub-groups to guide intervention [10] [11] [12] .
Several methods that quantify spinal postures have been utilized, ranging from simple observation and tape measure techniques to computerized motion analysis systems. Analysis of biplanar radiographs is generally considered the gold standard for measuring spinal curvatures and range of movement [13] [14] [15] , but relatively high cost and patients' exposure to repeated radiation is a disadvantage [13, 16, 17] which precludes its use as a routine measurement in clinical practice.
More clinically friendly, inexpensive techniques include goniometers [16, [18] [19] [20] [21] , inclinometers [17, [22] [23] [24] [25] [26] [27] and flexicurves [28] [29] [30] [31] . Goniometers and inclinometers are secured or held directly over previously palpated vertebrae, producing a measure that is limited to a single thoracic, lumbar, or sacral region of the spine [16, 17, 19, 22, 25] . The lack of examiner's experience in using the device causing a slippage or misplacement of the device and the poor ability to identify bony landmarks were found to be the main source of error [14, 16, 19, 25] . Flexicurve measurement, where a trace of the whole spine in the sagittal plane is measured [28, 29, 32] , produced contrasting results in terms of reliability [30, 31] .
Other skin-surface instruments (e.g. Pen-pointer device and Spinal Mouse) that quantify a sagittal curvature by guiding the device along the spinal column to measure spinal curvatures have also been used. The pen-pointer device (Zebris, Germany) is placed over the spinal processes to record three-dimensional (3-D) position using ultrasonic transmitters fitted in the probe. To the authors' knowledge, the reliability of this device has not been demonstrated. The Spinal Mouse (Idiag, Voletswil, Switzerland) is a device that contains accelerometers, which measure distance and inclination as it is guided along the length of the spine [33] . A study which evaluated the reliability of the Spinal Mouse demonstrated moderate to good between-day and interexaminer reliability when measuring lumbar and thoracic curvatures [33] .
Computerized movement analysis instruments (e.g. 3Space Fastrack, Isotrack, piezoresistive accelerometer) measure curvature and spinal movement using sensors attached to the skin at positions corresponding to the vertebrae, determined by palpation [34] [35] [36] [37] . Various angles such as sacral tilt, lower lumbar and upper lumbar angles are calculated to determine the spinal curvature [2, 38] . The advantage of such devices is that the spinal curvature can be monitored and recorded continuously during movement [33] . Such systems have been found to be highly accurate and reliable [34, 35, [39] [40] [41] , with reported measurement errors of 0.42 degrees for piezoresistive accelerometer [35] and errors ranging between 0.15°and 0.96°f or Fastrack systems [41, 42] . Palpation of bony landmarks is however suggested to attribute to a significant source of error during repeated spinal measurements [43, 44] . The accuracy of these systems is also affected by the skin movement under the sensor that is unrelated to the vertebral movement, and the sensor's ability to maintain firm apposition during the length of the trial [33, 40] . Another disadvantage is that only a fraction of the spinal position, limited to few vertebrae is measured [33, 42, 45, 46] . Although these systems could have their place when investigating specific spinal pathologies, the clinical usefulness of such instruments may be limited when evaluating postures of patients with NSLBP who may demonstrate postural changes affecting the whole spine. In addition, a major disadvantage of these systems is the limited clinical applicability related to the complexity of the set-up and lengthy data acquisition that lacks visual feedback, often required by clinicians to monitor and modify an intervention.
A novel device, the spinal wheel is a free-wheeling device with a reflective marker in its centre that is guided along the spine. The continuous motion of the spinal wheel can be detected either by a single video-camera or by a 3-D kinematic system which provides an exact trace signal of the curvature. The advantage of the spinal wheel is that it could provide a quick visual feedback to evaluate and modify intervention in clinical setting.
The aim of this study is to examine the within-day intratester, inter-tester and between-day test-retest reliability of the spinal wheel in measuring sagittal thoracic and lumbar curvatures. Although, some data exist on measuring spinal curvature in standing, there is limited literature on measuring sitting postures. Therefore, this study evaluated spinal curvatures of healthy participants in their usual standing and sitting postures.
Methods

Participants
Seventeen healthy subjects (8 females) were recruited to this study. A history of back pain requiring physiotherapy or other intervention within past 1 year and spinal surgery were the exclusion criteria. The study was approved by the institution's Ethical Committee and all subjects were required to provide informed consent.
Experimental protocol
A repeated measures design was followed where all the subjects' spinal curvatures were measured three times by three testers on two occasions (1 week apart). The spinal wheel is a custom-built, free-wheeling plastic wheel device 10 cm in diameter with a reflective marker in its exact centre ( Fig. 1) , which was guided by the researcher along the midline from the starting point of S1 vertebra up to the end point of the occiput (see Fig. 2 ). The continuous motion of the wheel was detected by a 3-D kinematic system (Vicon 512, Oxford Metrics Limited, Oxford, UK) providing an exact trace signal of the spinal posture. Prior to data collection, the kinematic system was calibrated according to the manufacturer's guidelines. The C7, T12 and S1 bony landmarks were identified and reflective markers were securely attached in a sitting position to be measured to minimize the skin movement [47] . Bony landmarks were identified and marked by the main researcher (experienced physiotherapist) and double checked by an independent senior physiotherapist. Location of the C7 spinous process was found by the subject flexing the head and the most prominent spinous process at the base of the neck was palpated. The marker was affixed in the identified area while subject's head returned to the erect state. S1 process was located by counting one down from L5 spinous process, which was identified by finding L4-5 interspace with hands placed horizontally on the highest point of the iliac crests as described by Vergara et al. [47] . T12 spinous process was identified by counting from S1 [48] .
Subjects were coded and randomized to establish the order of the testers measuring the spine. Prior to data collection, each tester (all of whom were senior physiotherapists of similar experience level) performed 10 practice trials to familiarize them with the use of the device. Subjects were asked to sit on a stool (fixed height) and fold their arms across their chest and maintain the same posture while the measurements were being taken. Each tester then guided the spinal wheel along the spinal groove. The same procedure was repeated in relaxed standing position. All three testers collected three measurements in both positions (sitting and standing) for every subject. All subjects were invited 1 week later and the experimental protocol was repeated (including identification and marking of the bony landmarks) to obtain the between-day measurements. Due to logistical reasons, the second visit data collection was performed by a single tester only.
Data processing
Each trial was visually checked and labeled with a marker set defined within the Vicon Workstation system. Angular values between 18 reference points (corresponding to 18 inter-vertebral spaces between vertebrae C7 and S1) relative to vertical axis were calculated in a Matlab 7.0. Positive angles were defined in flexion direction. For this reliability study, a kyphosis and lordosis angle was calculated. The sum of the angular changes between each segment in the C7-T12 region (C7-T1, T1-T2, T2-T3, T3-T4,  T4-T5, T5-T6, T6-T7, T7-T8, T8-T9, T9-T10, T10-T11,  T11-T12) provided the angular value of thoracic kyphosis. The sum of the angular changes between each segment in the L1-S1 region (L1-L2, L2-L3, L3-L4, L4-L5, L5-S1) provided the angular value of lumbar lordosis. The exact spinal curve was constructed in a diagram form, allowing for visual comparison of the repeated measures (Fig. 3) . [50] . In order to determine within-subject variation, intra-and inter-tester typical error between the three sets of measurements was calculated from the square root of the ''mean squared error'' term obtained from one-way analysis of variance (ANOVA) output [51] [52] [53] . Test-retest typical error and its 95% confidence intervals were obtained from the numerical difference between the two mean measures on day one and day two [52] .
Power calculation
The sample size (n = 17) was sufficient to characterize reliability where an ICC score of [0.6 was considered acceptable and an ICC of \0.2 was deemed unacceptable, with repeated measurements by three testers (power of 80% and alpha of 0.05) [50, 54] .
Results
Participants
The recruited sample consisted of 8 females [40 ± 10.8 years; height 163 ± 10 cm; weight 65 ± 6.3 kg; body mass index (BMI) 24.5 ± 6.8 kg/m 2 ] and 9 males (37 ± 10.4 years; height 177 ± 3 cm; weight 80 ± 12.3 kg; BMI 25.5 ± 6.1 kg/m 2 ). There was no significant difference between the BMI between females and males (p = 0.870) with both sexes demonstrating BMI within normal limits.
Within-day measures
Intra-tester mean scores and the reliability measures are shown in Table 1 . Excellent intra-tester reliability was achieved with ICCs ranging from mean score of 0.947 (95% CI 0.819-0.990) for lumbar lordosis (LL) in sitting to 0.980 (0.928-0.996) for thoracic kyphosis (TK) in standing (Table 1) . Typical error between the intra-tester measures ranged from 1.7°for standing TK to 3.7°for sitting LL. Inter-tester mean scores and reliability measures (Table 2) also demonstrated excellent reliability with ICC scores ranging between 0.949 (95% CI 0.845-0.987) for sitting LL and 0.986 (95% CI 0.958-0.997) for standing TK. The inter-tester typical errors were slightly higher ranging between 2.0°for standing TK and 4.7°for sitting LL (Table 2 ). Thoracic measures consistently demonstrated higher intra-and inter-tester correlations with mean ICC score of 0.982 with intra-and inter-tester errors ranging between 1.7°and 2.3°, compared to the lumbar measures with mean ICC score of 0.953 and errors ranging between 2.1°and 4.7° (Tables 1, 2) .
Between-day measures
The test-retest mean scores and reliability measures are shown in Table 3 . High reliability was demonstrated with ICC levels ranging from 0.719 (95%CI 0.685-0.924) for standing LL to 0.908 (95% CI 0.738-0.968) for sitting TK (Table 3) . Thoracic measures again demonstrated higher reliability with mean ICC scores between 0.833 and 0.908 and errors between 4.0°and 5.5°, while lumbar curvature measures demonstrated mean ICC scores of 0.883 and 0.719 with errors of 7.4°and 7.0°for sitting and standing lumbar lordosis, respectively (Table 3) . 
Discussion
The main objective of this study was to evaluate reliability of a novel, non-invasive spinal wheel device in measuring thoracic and lumbar postures in a sample of healthy volunteers. The results demonstrate that the reliability of measuring thoracic kyphosis and lumbar lordosis was high to excellent within and between testers and within and between days. The within-day typical error ranged between 1.7°and 2.3°for thoracic kyphosis and between 2.0°and 4.7°for lumbar lordosis. The between-day errors ranged between 4.0°and 5.5°for thoracic kyphosis and between 7.0°and 7.4°for lumbar lordosis. Normative values of thoracic kyphosis and lumbar lordosis in sitting and standing in a sample of healthy subjects were also provided. In order to establish the level of agreement of the mean values produced by the spinal wheel with other spinal measures (convergent validity), the normative data of the thoracic kyphosis and lumbar lordosis from this study were compared to findings from other studies. The large variation in the sitting postures measured in other studies (upright, neutral, relaxed, slouched), however, was considered to pose a potential problem when making any comparisons of the sitting spinal curvatures [2, 55] . The standing postures were thought to yield more comparable data. The 33°mean standing thoracic kyphosis with standard deviation (SD 11°) and 35°mean standing lordosis (SD 11.9°) measures obtained by the spinal wheel in this study are comparable with the 33°-36°kyphosis and the 28°-32°lordosis measures in previous studies [33, [56] [57] [58] [59] . Ng et al. [17] demonstrated lower values of lumbar lordosis (24°-28°) which could be related to measuring only male subjects with arguably less pronounced standing lordosis [17] .
The reliability of the spinal wheel in this study is comparable with radiographic techniques that reported intra-and inter-observer ICC of 0.81-0.99 for lumbar lordosis [59, 60] and 0.88-0.94 for thoracic kyphosis [59, 61] and inclinometer measures of lumbar lordosis with ICC score of 0.95 [17] . The absence of the measurement error analysis in these studies, however, makes direct comparisons of reliability difficult. Comparable inter-examiner error of 4.3°was produced by a similar skin-surface Spinal Mouse device when measuring a spinal posture in standing [33] . Spinal curvature flexicurve measurements demonstrated good intra-and inter-tester reliability with errors of 3°-4°in upper and lower lumbar spine [31] . In addition, the intra-and inter-tester typical error in this study (between 1.7 and 4.7°) has been considered to be acceptable [62, 63] .
Despite that a difference between spinal measures on different days (test-retest reliability) is of clinical importance to establish a change over time, research comparing between-day measures is limited [62] . Results from one study examining between-day radiographic measures of thoracic and lumbar curvatures demonstrated comparable ICC values (0.84-0.91), although again, measurement error was not reported [59] . Other skin-surface device, the Spinal Mouse, demonstrated somewhat lower between-day mean ICC value of 0.64 in spinal flexion measurement, compared to the spinal wheel [33] . Thoracic curvature measures demonstrated consistently better intra-, inter-and test-retest reliability compared to lumbar curvature measures with the highest errors in sitting lumbar curvatures. This observation was also made by Leroux et al. [58] who reported ICC of 0.94 for kyphosis and 0.91 for lordosis with errors of 5°and 6°, respectively, when comparing radiographic and non-invasive stereographic techniques [58] . Relatively large lumbar spine movement in sagittal plane, with rather small contributions from rather more rigid thoracic region [64] , could be associated with larger measurement error as measurement errors tend to increase with increased magnitude of the measured variable [65] . In addition, the subcutaneous fat that typically accumulates in the around the waistline and lumbar region (relative to the thoracic region) [66] , could have attributed to the differences in the accuracy between the regions. Indeed, subcutaneous fat was suggested to introduce a source error when using any hand-held, skinsurface device to measure joint range [33, 67] . In this study, all subjects were active and fit individuals with BMI within normal limits and no significant difference in the BMI between the sexes. Although gender differences may exist in the relative distribution of subcutaneous fat in the body regardless of BMI level [66] , no difference was observed in the consistency of the measures obtained from either sex in this study. Nevertheless, findings in this study have to be interpreted with caution when related to measures from obese subjects. Future research that compares the reliability of the spinal wheel in subjects of varied BMI is therefore warranted.
Factors that could contribute to the measurement error in this study include the accuracy of the tool, the tester variability, as well as subject' variation of in the sitting and standing postures. With regards to the accuracy of the actual device, preliminary tests that were part of the device development, demonstrated minimal variation (coefficient of variation of 7%) and mean intra-tester error not exceeding 0.3°when measuring a static, rigid, spine-like shape. Such accuracy is comparable with the most accurate measurement techniques [35, 41, 42] .
The tester variability, such as the level of experience in using the device, could introduce possible error. The speed at which the device is moved along the spine and the exerted pressure on the device and the path selected by each assessor were suggested as possible sources of error in other skin-surface devices [33, 44] . In this study, the moving marker was detected by Vicon 512 which is a highly reliable 3-D kinematic system capable of monitoring speeds of up to 50 Hz. It is therefore unlikely that a speed of a moving marker would be a source of error. The variation in the pressure applied on the device while measuring the spinal curvature, could have also introduced the measurement error. Although, the amount of pressure applied was not monitored within-or between-testers, all three testers were experienced and skilled physiotherapists and performed a number of practice trials with specific instructions to maintain the same pressure while measuring the curvature. Nevertheless, it has to be stressed that relative level of skill and experience as well as the amount of practice trials was shown to effect accuracy of spinal measures [25] . Thus, the findings in this study should be interpreted with caution when relating to measures taken by testers of varied skill set and experience.
In this study, the spinal levels C7, T12 and S1 were marked to obtain thoracic and lumbar curvature measures. Accurate identification and marking of bony landmarks in the spine and pelvis has been argued to pose a substantial risk to the between-day reliability of any kinematic measurement [25, 43, 44, 47] . Harlick et al. [43] reported 47% accuracy of a manipulative physiotherapist in identifying spinous processes in the lumbar spine, and suggested that marker placement error could reduce the between-day reliability [43] . Therefore, guidelines outlined in previous literature concerned with reliable identification and placement of spinal and pelvic markers were followed in this study [47] .
Human performance variability from one measurement to another was reported as a significant element that may seemingly distort the accuracy of any tested tool [25] . Previous literature showed that healthy subjects tend to slump into lumbar flexion during prolonged sitting and also demonstrate repositioning errors in sitting and standing postures [41, 45, 68, 69] . Maffey-Ward et al. [68] found a between-day error of 2.6°during sitting while Swinkels and Dolan [41] showed between-day errors of 5.27 ± 3.47°d uring lumbar spine sagittal movement. Variations in subjects' posture in this study, where subjects were required to maintain the same position for about 2 min while three testers obtained required measurements might have also contributed to reduced inter-rater and test-retest reliability. To avoid a systematic error, the order of the testers was randomised to stop one assessor always taking the last measure when the subject could have slumped. It is important to stress that this by no means reflects on the accuracy of the test device itself but rather highlights the utmost importance of standardizing the experimental procedure including the tested positions. This may be of particular importance when measuring spinal curvatures of patients with low back pain who may have reduced ability to maintain any spinal posture due to poor muscle endurance [1] , thus introducing further potential for measurement error. Therefore, studies assessing reliability of the spinal wheel in patient population need to consider possible ways of standardizing the postures that are measured.
Concerning clinical applicability, although the link between posture and back pain is not clearly established, it has been consistently demonstrated that patients with spinal pain disorders have a difficulty in accurately identifying neutral (mid-range) spinal postures [39, 45] . This was suggested to contribute to increased strain on the spinal tissues, potentially causing further damage and injury [6, 70] and also to influence the trunk muscle activity role in spinal control and stability [2, 5] , which may perpetuate the spinal pain disorder and contribute to more disability [2, [4] [5] [6] . Establishing an accurate measure of a baseline posture that patients report to be painful may be invaluable with respect to evaluating the efficacy of postural re-education interventions. In addition, as the spinal wheel uses two-dimensional (2-D) coordinates to calculate sagittal spinal curvature, the device may be used in conjunction with a standard 2-D camcorder, thus is easily transferrable into clinical setting. Such measurement could provide a visual evaluation of patients' postures to provide feedback during postural re-education. In addition, an objective measure of spinal postures would be useful in further exploration of sub-classification systems that use visual observation of posture to sub-classify patients into different motor impairment subsets [12] .
Conclusion
The spinal wheel device demonstrated excellent within-day, intra-and inter-tester reliability and substantial betweenday, test-retest reliability when measuring thoracic and lumbar postures in healthy individuals during sitting and standing. Within-day, intra-and inter-tester typical error did not exceed 5°, which has been deemed to be acceptable. Between-day measures demonstrated slightly higher errors ranging between 4.0°and 7.4°. The varying degree of error in the inter-tester measures may suggest the need for training of the testers in using the device while higher errors in the between-day measures may be attributed to marker placement errors and also subjects' variability in adopting sitting and standing postures on different days, potentially warranting reservations in the interpretation of particularly the between-day measures. Given that on the premise of optimizing spinal alignment to minimize stresses on its structures, postural re-education is an integral part of physiotherapy management in patients with back pain, the spinal wheel could potentially have its uses in measuring spinal postures to monitor the effectiveness and give guidance in progression of postural re-education interventions in clinical practice.
